THE DETECTION OF SMALL-SCALE STRUCTURES IN PLANETARY SURFACE MATERIALS
WITH GROUND-PENETRATING INSTRUMENTS.
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ABSTRACT

The usage of mechanically ground-penetrating
instruments can yield valuable information about
layering and granularity on almost any
extraterrestrial surface, as has recently been
demonstrated with the Huygens probe [1]. We will
demonstrate the kind of information that can be
derived with the use of quasi-static and dynamic
penetrometry sensors.

We will show examples of penetration experiments
in preparation for future Mars lander instruments,
and dynamic penetrations performed during the
development and testing of the anchoring system of
the Rosetta Philae lander. The paper will focus on
the detection of small-scale structures and their
signatures in a penetrometer signal, namely
resonances forced by semi-regular scales
(granularity) and boundary crossings (layers).

The study of resonant signatures allows an
approximation of the average grain size
distribution within the penetrated distance to be
derived.

1 GENERAL SPECIFICATIONS
Penetrometry is the probing of a surface material

via the insertion of a test projectile. We can
generally divide between two major methods,

which differ in the speed of insertion and the
returned data.

These methods originate from terrestrial
applications, which are quite common for
engineering and geotechnical purposes.

Such measurements were proposed for various
missions to the planet Mars, and are implemented
on the Philae lander of the Rosetta mission to
comet 67P/Churyumov-Gerasimenko [2]. The most
successful application of such a method was the
Huygens probe landing on Titan on 14. January
2005, where the ACC-E sensor of the Surface
Science Package [3] delivered impact data from the
first 5 cm of Titan’s soil.

1.1 Quasi-static penetrometry

Quasi-static penetrometry is the slow insertion of a
rod with a conical tip into a soil sample. A typical
data set contains the record of the force necessary
for penetrating the ground.

Together with the insertion speed mechanical
parameters of the soil can be reconstructed via a
soil model [4].

A dedicated penetrometry test facility for quasi-
static experiments was set up at the Space Research
Institute in Graz. With this facility we can perform
experiments in Martian soil mechanical analogue
materials with penetration speeds of about
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Figure 1 The penetrometry test facility in Graz
used for quasi-static experiments in
Martian soil analogues.

1.4 cms™, and a maximum depth of approximately
25-30 cm.

The selected Martian analogue materials include
the JSC-Mars-1 palagonite from Hawaii and the
Salten Skov iron precipitate from Denmark.
Additionally we selected some local materials with
a similar grain size distribution which were
available in larger quantities, plus glass beads with
~1 and ~4 mm diameter as a calibration target. A
more detailed description of all the sample
materials used can be found in [4] and [5].

Figure 2 Penetration experiment in gas-concrete
(14 MPa) using the anchor of the Rosetta
Lander Philae

Fig. 1 shows the penetrometer test facility used for
the quasi-static experiments. At the lower end it
features an 18 mm diameter steel rod with 20 cm
length and exchangeable load cells on both sides of
the rod, where the lower sensor is called “Test
Sensor” and the upper one is referred to as
“Monitor Sensor”. The force ranges available for
this sensors are 25, 100, 500, and 1250 N. An
exchangeable tip is mounted on the penetrometer
rod just below the lower sensor. For our
experiments we could choose between five
different tip geometries, namely 30°, 45° and 60°
opening angle cones, a half sphere and a flat
cylindrical tip.

1.2 Dynamic penetrometry experiments

Dynamic penetrometry is the fast insertion of a
projectile into soil where usually the deceleration
of the projectile is measured.

By integrating over the signal we can derive impact
speed and depth, which subsequently can be used
in a dynamical soil model [5, 6].

A typical application of this technique in space
exploration is the anchoring device of the Philae
(Rosetta) Lander and the ACC-E penetration
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Figure 3 Relation of insertion force to penetrated
depth for a measurement (lower) and a
model calculation (upper). The major
difference between the model and the
calculation is due to the assumption of
homogeneous sample properties for the
model

sensor of the Huygens Probe Surface Science
Package.

For the development of the former we did many
shots into target materials in the hardness range of
comet materials from soft porous ice up to porous
concrete with a crushing strength of ~14 MPa.

2 Penetrometry experiments

The result of a typical quasi-static penetrometry
experiment is the relation of force versus depth, as
can be seen in Fig. 3. The difference between the
curves is that the lower curve is measured and the
upper a model calculation from a finite element
model wusing an extended Drucker-Prager
constitutive model mostly used for frictional
granular-like soils and rocks[4].

A granular sample is usually assembled by adding
layers of sand and compacting them layer by layer
in a predefined procedure which should ensure
more or less homogeneous material parameters
throughout the sample. However, a manual
assembly of a dry granular sample requires a lot of
experience and small discontinuities cannot be
avoided. As can be seen in Fig. 3 from 13 - 16 cm
depth a softer layer due to less compaction is
detected within the sample and in Fig. 4 we put a
3 cm silt layer in a UK4 sand sample, which itself
had density variations in its layers.

The difference in Fig. 4 between the solid and
dashed curve is the location of the sensors. The
upper sensor is also sampling the force due to shaft
friction along the wetted surface of the
penetrometer.

The detection of layering in penetrometry data still
leaves some possibilities for explanation with a soil
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Figure 4 Example of a silt layer embedded within
a UK4 sand with was compacted to an
average bulk density of ~1400 kgm™
whereas the silt layer had a bulk density

of about 950 kgm™.

model. It could be a density variation, which is in
the case of the example in Fig. 4 one factor, but it
could be also a variation in the Youngs modulus
due to a change in the sample mixture or a
solidification process.

In the case of arid regions we can expect the
formation of a duricrust i.e. a surface cementation
due to chemical reactions in the top soil as a
weathering product. Such a crust would be in the
range of a couple of centimetres, and can easily be
detected with penetrometry methods.

3 Small scale structure detection

As shown above, penetrometry experiments are
valuable to calibrate input parameters for soil
models and to detect local texture properties like
layering or surface crusts. However, our aim was to
demonstrate that a more thorough examination of
the fine-structure of the penetrometry data can
reveal more details of the investigated material.

If we postulate a very simple relationship between
a regularly spaced structure and the speed we pass
along this structure we can define the excited
frequency as [8]:

~I|=<

f= (Eq. 1)

where f'is the excited frequency, v is the speed we
move along, and / is a typical size scale of this
structure. The principle is like moving along a
picket fence with a stick in the hand. If we know
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FigureS Noise spectrum of a quasi-static
penetrometry experiment. The spectrum
is normalized to 20 standard deviation.
For the count statistics typically the 500
largest positive frequency peaks are
selected.

the speed and record the rattling signal we can
derive the spacing of the pickets.

A similar approach can be used for penetrometry
experiments. However, we need to be aware that in
this case we usually do not have completely regular
structures. Yet, if we assume that a sample of
granular material is more or less uniformly and
homogeneously mixed and any small volume
contains a representative amount of grains of all
sizes, we can apply some statistical methods to
derive a grain size distribution.

Geometrically, our picket fence contains now
pickets which are no longer equally spaced. Still,
the signal we are recording allows a determination
of the width of every single picket in this one-
dimensional example.

If we examine now the geometry of a penetrometer
cone interaction with the soil, we can see that at
any time a certain number of grains of different
size collides with the cone causing a small reaction
force on the penctrometer. The sum of all these
small forces can be seen as noise superimposed on
the total penetration resistance signal.

For a general evaluation of the total soil strength
and for modelling purposes this noise is usually
removed from the signal. However, if we want to
analyse the fine structure of the sample we need to
concentrate mainly on the noise present in the
signal.

For this purpose we examine the frequency
spectrum of the noise. Generally, we can
distinguish between two sources for the noise. The
first one is of course due to instrumental influences
like ambient electric noise, e.g. a mains hum
superimposed on the signal, and digitisation noise
depending on the bit resolution of the sampling
device. Also mechanical noise originating from the
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Figure 6 Grain number density of Martian
analogue materials, derived with classical
sieving methods. The reconstructed grain
number is derived with the method
described in the text.

test rig may be present to some extent. All these
systematic noise sources have to be carefully
suppressed prior to a spectral analysis, otherwise
the result will contain some unwanted
contributions.

The second source of noise comes directly from the
texture of the investigated sample material. If we
now compute a noise spectrum (Fig. 5) which is
free from systematic noise, we can use Eq. 1 to
derive typical sizes from the N (N=500) most
prominent frequency peaks. If we do some binning
of these sizes we can obtain counting statistics
which is representative for the grain size
distribution of the penetrated soil (Fig. 6).

The use of multiple experiment data improves the
counting statistics, because the occurrence of larger
particles within a given sample volume is some
orders of magnitude lower than that of smaller ones
and thus more samples increase the statistical
significance of the large grain counts.

Small grains are more numerous; however, they do
not contribute as much to the total mass of the
sample for this kind of Martian soil analogue
materials.

The grain number density plot in Fig. 6 is however,
not the best way to show the grain size distribution.
For engineering applications, the grain size
distribution of any granular soil sample is usually
depicted in a cumulative weight ratio plot.

This kind of plot is a natural expression of the
sieving procedure where a soil sample is put
through a series of progressively finer meshes. The
residual material within a certain mesh is then
weighed and the cumulative mass over grain size
plot is then normalized to the total mass of the
sample.
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Figure 7 Reconstructed grain size distributions of Martian soil analogue materials (left panels) and glass beads
with diameters of ~1 and ~4 mm diameter (right panels). The reconstructed material is indicated in the

title of the respective panel.

In order to plot the reconstructed grain size
distribution the number of grains of a certain size is
multiplied by the mass of the grain. For simplicity
the grains are assumed to be spherical. Thus the
mass m, of such a grain is then:

z

Mmg=¢ & pg (Eq. 2)

Where d is the grain diameter and p, is the grain
density. Since the resulting cumulative mass is
normalized the density can be arbitrarily set to 1 if
only the bulk density of the sample material is
known.

Using Eq. 2 and multiplying it with the grain
number density N, we can plot the reconstructed
grain size distribution (Fig. 7). The two left panels
of Fig. 7 show grain size distributions of a granular
Martian analogue material.

It should be noted that especially in the upper left
panel (Salten Skov material) the reconstructed
curve can not match the sieve line result entirely.
Because of an insufficient count of the fine grained
particle fraction which is in total contributing

approximately ~15% of the mass of this granular
material. The reason for this fact is that the
smallest grain population cannot be resolved due to
a too low sampling rate and sensitivity of the load
cell sensor.

Thus, for this material we have to be content with
the fact that the general slope of the curve is in
good agreement with the classically achieved result,
but there is no way of matching the contribution of
a population this method cannot resolve.

A much better agreement can be obtained for the
other granular material in this plot (UK4, lower left
panel), where the smallest grain population does
not contribute more than ~2% of the total mass.
Generally the discrepancy between the classical
result and reconstruction is at maximum 20% but
mostly even less.

On the right the panels of Fig. 7 we applied this
method to glass beads of a more uniform grain size,
namely to beads with a typical diameter of 3.7 -
4.1 mm (upper right panel) and beads with a
typical diameter of 1.0 -1.25 mm. The accuracy of
those diameters is however quite limited, since the
original purpose of those glass beads is a usage as
sanding agent. A close examination showed also a
lot of elliptic particles within the sample, which



Bulk density [kgm™] 120 165
Porosity [%] 95 93

Nominal crushing
strength [MPa] 0.85 1.70

Quasi-static penetration

resistance [MPa] 0.8-1.8

3.0-45

Cell size (min, mean,
max), [mm]

0.9,1.6,3. 0.8, 1.6,3.1

Table 1, Bulk properties of FOAMGLAS ®.

would mimic particles with smaller diameter for
this kind of spectral analysis.

The reconstruction result for the larger particles
gave a maximum diameter of 3.6 mm and 80% of
the total mass within particles larger than 2 mm
diameter. For the smaller glass beads we obtained a
largest reconstructed diameter of 0.7 mm and 80%
of the mass within diameters larger than ~0.3 mm.

« 10° S981111N04 FOAMGLAS F

4 Analysis of dynamic impacts

In the analysis of data from the anchoring device of
the Philaec Lander we can follow a similar approach
as for the quasi-static penetrometry. We can also
use frequencies we observe within the noise spectra
of the signal to relate them to size scales of the
target material.

A major difference in the target material was that
most of the anchor tests were not made with a
granular target, but rather the opposite in a
cohesive cellular material, namely foamed glass.
The reason for the use of such a material, was the
unlimited availability and the reproducibility of the
sample properties, which were essential for this
kind of tests. For the two used qualities of
“FOAMGLAS ®” the soft T4 and the harder F, we
knew the bulk density, the nominal crushing
strength, and to a more limited accuracy the
averaged pore size and the bulk porosity
(Table 1)[7].

A close investigation of the acceleration data
showed that the anchor projectile features a
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Figure 8 Spectrogram of the acceleration data of a test shot into a hard Foamglas target. Superimposed on the
spectrogram are the acceleration data and frequency trails of cell induced frequencies during target penetration.
In regions where the cell induced frequencies are suitably close to the projectile resonance, this resonant
projectile ringing becomes excited too and thus can be detected in the signal.



resonant structural ringing at ~14 kHz, which was
also confirmed by a numerical analysis of the
projectile geometry [7,8].

We compute now a spectrogram of the anchor
projectile acceleration data (Fig.8) and then
superimpose the trail of frequencies that would be
caused by cell size effects of structures with
diameters taken from Table 1 and the speed
derived from integrating the deceleration signal
(ref. Eq.1). It shows that in regions where the cell
induced frequencies are close to the projectile
resonance frequency, the projectile resonance is
excited and is raising the noise level of the
acceleration signal.

By comparing the cell sizes given for the glass
foam (Table 1), we can see that the lower and
upper size limit for the cell size is nicely bracketing
the area of enhanced projectile resonant ringing.

A similar excitation of the projectile resonant
ringing can be seen at the time of the release of the
projectile from the launch tube, where we can see
that without excitation mechanism the ringing is
decaying within 1-2 ms.

Similar resonant ringing was seen also for the
softer glass foam and other target materials like
sand or porous water ice. However, since the forces
involved for these softer materials are lower, the
resonant ringing is less prominent but still
identifiable with a lesser degree of accuracy [8,9].
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